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Claire Wyman and Roland Kanaar
New information on the architecture of protein
complexes involved in the dynamic organization of
chromosomes challenges existing models of their
structures and provides fresh insight into their
mechanisms of action.
Genomes are currently taking center stage as carriers
of information, but they are also physical objects that
require organization for proper expression of their
information, maintenance of their integrity and dupli-
cation. The necessary genome manipulations depend
on the structural maintenance of chromosomes (SMC)
proteins. The SMC proteins can be divided into the
condensins which help to organize long linear chro-
mosomes during mitosis, cohesins which are respon-
sible for keeping sister chromatids together during
replication and assuring proper segregation, and more
distantly related members involved in the organization
of DNA ends and DNA repair. New studies on the
architecture of two SMC protein complexes —
cohesin [1] and the Rad50–Mre11 DNA repair complex
[2,3] — have revealed an SMC dimer arrangement
different from that previously accepted and a striking
flexibility of the components, which necessitate a
revision of models of their mechanism of action.
Despite their diverse roles, SMC proteins share
some distinct features. These include a predicted
ATPase domain made up from globular amino- and
carboxy-terminal regions which are separated by a
predicted long coiled-coil interrupted in its center by
a hinge or hook (Figure 1A). Together with electron
microscope (EM) images of a few bacterial members
of the family, this led to the proposal that SMC pro-
teins consist of antiparallel intermolecular dimers [4].
This allows formation of a complete ATPase domain at
each end of an 80–100 nm long coiled-coil structure,
with a flexible hinge in the middle [5,6]. This arrange-
ment suggested a general mechanism for diverse
SMC functions involving a common ATP-induced con-
formational change, transduced through the long
coiled-coil, which causes a rearrangement of bound
DNA [7]. Evidence for the antiparallel arrangement of
the coiled-coils was convincing, but the intermolecu-
lar arrangement had not been tested. The alternative,
intramolecular arrangement of coiled-coils has now
been demonstrated for yeast cohesin [1] and human
Rad50–Mre11 [2,3]. This architecture of the SMC pro-
teins changes our ideas about how they accomplish
chromosomal organization.
The bacterial SMC proteins with antiparallel coiled-
coils are homodimers, so that the head domains gen-
erated with intermolecular and intramolecular coiled-
coils would be identical. This is clearly not the case for
the heterodimeric cohesin and condensin — SMC1–
SMC3 and SMC2–SMC4, respectively [7] — where the
head domains are distinctly different with intermolec-
ular versus intramolecular coiled-coils (Figure 1A). Fur-
thermore, with intermolecular coiled-coils the proteins
contact each other along their entire length, whereas
with intramolecular coiled-coils dimerization can occur
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Figure 1. The architecture of SMC complexes.
(A) Distinct domains of SMC-like proteins. (B) Dimerization of the
SMC1 and SMC3 subunits of cohesin. (C) Possible architectural
arrangements of the Rad50/Mre11 DNA repair complex. Zinc
hooks are represented by the dark blue and red curves.
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locally, for example via interactions between the hinge
or hook domains (Figure 1B,C).
The different consequences of intermolecular versus
intramolecular coiled-coils were used by Haering et al.
[1] to show that SMC1 and SMC3 form intramolecular
coiled-coils which dimerize via heterotypic hinge-
domain interactions. Isolated SMC3 occurs as a 
rod half the length of the predicted intermolecular
coiled-coil, with one large and one smaller globular
end. Hinge-region swapping experiments confirmed
that dimerization depends only on combining SMC1
and SMC3 hinge domains and is independent of the
identity of the rest of the coiled-coil. Furthermore, the
crystal structure of a bacterial SMC hinge region
revealed a dimer of separate globular domains from
which intramolecular coiled-coils emerge. SMC1–SMC3
is thus a heterodimer of intramolecular coiled-coils
with the hinge being the actual dimerization domain.
Rad50 is the SMC-like coiled-coil component of the
Rad50–Mre11 DNA repair complex. The archeal Rad50–
Mre11 complex consists of two Rad50 and two Mre11
subunits. Mre11 interacts with the coiled-coil regions
of Rad50 adjacent to the amino- and carboxy-terminal
domains [8]. Scanning force microscope (SFM) images
of the human Rad50–Mre11 complex revealed a central
globular domain from which two 40–50 nm long rods
protrude [2]. The rods are too thin to be an intermolec-
ular coiled-coil folded on itself. The Rad50–Mre11
complex thus consists of two Rad50 subunits, each
with an intramolecular coiled-coil, associated through
interactions of their head domains with an Mre11 dimer
(Figure 1C). Rad50 does not have an extensive hinge
region but just a small hook domain. The crystal struc-
ture of archeal Rad50 hook domains confirms the
intramolecular coiled-coils with a unique mode of dimer-
ization using a strategically placed pair of cysteines on
each hook that cooperate to bind a zinc atom [3].
The lack of continuous intermolecular coiled-coils
requires reassessment of models for SMC function.
These models depict an ATP-induced conformational
change of the head domains which is transduced
through the coiled-coil to affect the relative position of
bound DNAs (Figure 2A,B). If the long coiled-coils are
to be used as levers, they must be stiff; but the
flexibility of Rad50 arms is readily apparent in SFM
images, where they are straight, curved or bent. Time-
resolved SFM imaging in buffer confirmed the remark-
able flexibility of individual coiled-coil arms [2]. EM
images of SMC proteins also reveal kinking and bending
of the coiled-coils [1,4,9,10].
How, then, do SMC proteins work to arrange and
rearrange chromosomes? There are some clues and
some appealing ideas. In yeast cohesin [1], the head
domains interact with either the amino- or carboxy-ter-
minal domain of Scc1, a non-SMC cohesin subunit, so
that the coiled-coil arms grasp each other, embracing
whatever is within their reach. This led Nasmyth and
colleagues [1] to propose that cohesin embraces a
chromosome before replication in a proteinaceous loop
which is large enough to allow passage of a replication
fork (Figure 2A). Thus, the sister chromatids end up
within the arms and are released upon proteolysis of
Scc1 [11]. This attractive idea raises important new
questions about the regulation of cohesin loading 
onto chromosomes and the closing of the embrace. A
role for the head domains’ ATPase activity in these
processes is not unlikely.
Condensin is responsible for establishing and main-
taining chromosome compaction during mitosis. One
intriguing feature of condensin is its ability to introduce
topological changes in DNA, described as global writhe
[12]. The model for this function depicts condensins
acting as torque-generating rods that join and arrange
distant DNA sites along a chromosome (Figure 2B) [13].
The recently discovered flexibility of the rods is not,
however, compatible with a mode of action based on
torque generation. By analogy with the way cohesin is
suggested to embrace two sister chromatids, con-
densin may work by embracing two segments of the
same chromosome. Large chromosomal loops could
be anchored in several ways by such a condensin ring
(Figure 2B). Though this idea is attractive, and a similar
scenario has been proposed [14,15], skeptics await
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Figure 2. Models for functions of SMC protein complexes.
(Top) In the old view, cohesin connects sister chromatids
through its ATPase globular domains. The coiled-coil arms are
stiff levers and the hinge domain is proposed to flex. In the new
view, sister chromatids are kept together by a cohesin ring
embrace [1]. The red oval represents non-SMC subunits of
cohesin. Hinge domain interactions keep the dimer together,
while the intramolecular coiled-coil arms provide a flexible pro-
teinaceous ring around the sister chromatids. (Middle) Con-
densin has been proposed to provide chromosomal
compaction by arranging distant DNA sites along a chromo-
some through interaction of its globular domains with DNA. By
analogy to cohesin, condensin may instead work by embracing
two segments of the same chromosome. (Bottom) Models
depicting a Rad50–Mre11 complex bridging a DNA double-
strand break by way of an intermolecular Rad50 coiled-coil
bound via its globular domains to either end of the break are
obsolete. Instead multiple Rad50–Mre11 complexes bind to
DNA with their globular domains, while their flexible intramole-
cular coiled-coil arms interact via zinc hooks to tether linear
DNA molecules [2,3]. 
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experimental evidence. The specific handedness of
condensin-induced topological changes remains an
enigma. Undoubtedly this proposed mechanism will
spark new thought here as well.
In contast to condensin and cohesin, Rad50–Mre11
has biological roles that are diverse and not easily
unified. Rad50–Mre11 is important in many aspects of
chromosome metabolism involving DNA ends, most
prominently double-strand break repair [16]. The DNA
binding sites of each head domain might simultane-
ously bind two DNA ends and bridge a break (Figure
2C), but because these ends are already closely asso-
ciated there is no required function for the coiled-coil
arms in this type of end alignment. SFM images of the
Rad50–Mre11 complex bound to DNA do suggest the
long coiled-coil arms are likely to have an essential role
[2]. Rad50–Mre11 binds to DNA via the large globular
domain, with the coiled-coil arms protruding away.
Assemblies of many Rad50–Mre11 complexes form on
linear DNA and these often tether DNA molecules. The
tips of Rad50 can interact with each other via coopera-
tive zinc coordination by the hook domains [2,3,10].
Because this interaction depends on the availability of
zinc and a precise orientation of the two hook ends of
flexible Rad50 coiled-coils it has the potential to be
dynamic. The continuous association and disassocia-
tion of multiple interacting partners would explain the
need for Rad50–Mre11 oligomers to tether DNA (Figure
2C). The flexibility of Rad50 arms allows the hook ends
from complexes bound to different DNAs to find orien-
tations favorable for interaction and a variety of subse-
quent chromosomal processing events.
The newly revealed intramolecular arrangement for
the antiparallel coiled-coils of SMC proteins [1–3] is
appealing in many respects. To produce a properly
folded protein, it is much more likely that a polypep-
tide with a very long stretch of amino acids destined
to form an antiparallel coiled-coil will fold intramolec-
ularly as it is translated, rather than remain unfolded in
anticipation of a partner. The SMC-containing complexes
— cohesin, condensin and DNA repair complexes —
all have two long flexible arms. Functional diversity
results from different interaction at their ends: closing
an embrace or reaching out to each other. The mech-
anistic importance of ATP hydrolysis has not yet been
defined, but is likely to affect and regulate interactions
with non-SMC partners and not the arrangement of
the coiled-coil arms as previous models suggested.
Models are powerful explanatory tools in molecular
biology; however, the SMC proteins provide a case in
point where appealing cartoons hindered new inter-
pretation of data. The model for SMC protein structure
and function is currently evolving from one of stiff
torque wrenches and lever rods to a kinder, gentler
one of arms that reach out to hold and embrace chro-
mosomes. The appeal is obvious and an exciting stim-
ulus for new experiments but we must not forget that
this too is only a model whose explanatory power will
one day wane.
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